This paper presents a time-domain method for noise prediction of supersonic rotating sources in a moving medium. The proposed approach can be interpreted as an extensive time-domain solution for the convected permeable Ffowcs Williams and Hawkings equation, which is capable of avoiding the Doppler singularity. The solution requires special treatment for construction of the emission surface. The derived formula can explicitly and efficiently account for subsonic uniform constant flow effects on radiated noise. Implementation of the methodology is realized through the Isom thickness noise case and high-speed impulsive noise prediction from helicopter rotors.
Introduction
Since the Ffowcs Williams and Hawkings (FW-H) equation was proposed in 1969 [1] , it has gradually evolved into a dominant approach for prediction of noise generated by rotating machines. The emergence of high-performance computing has allowed prediction of aerodynamic noise generated from rotating sources, based on various solutions of the FW-H equation. Among these solutions, formulations 1 and 1A of Farassat [2] are without doubt the most popular. Formulation 1A, in particular, has been applied for noise prediction of helicopter rotors [3] [4] [5] and propellers [6] .
Despite the wide applicability of formulation 1A, noise prediction is restricted to subsonic linear sources. For some applications, however, such as shock-related high-speed impulsive (HSI) noise, the supersonic rotating sources dominate the waveform in the far-field. Hence, accurate prediction of HSI noise requires calculation of the supersonic rotating sources, which, in practice, could be the FW-H linear terms from a rotating blade with supersonic tip-speed or the quadrupole source terms for a helicopter rotor at delocalized operating conditions [7] .
To consider supersonic acoustic sources in such computations, Farassat [8] proposed an extensive time-domain solution for the FW-H equation. The proposed formulation is free of the Doppler singularity, and thus capable of predicting noise radiated from supersonic rotating sources. Application of the aforementioned formulation is confined to a stationary medium. In practice, however, such acoustic sources are generally encountered in the presence of a moving medium, such as advanced turboprop propellers with supersonic tip-speeds and wind-tunnel cases of forward flight helicopter rotors [9, 10] . The moving observer method was thus introduced by Farassat [2] to allow noise prediction for such problems [11, 12] . The moving observer method relies on the transformation of a moving medium problem to the equivalent stationary medium problem, allowing the direct use of conventional acoustic analogy formulations. However, the moving observer method suffers from two shortcomings. Firstly, it cannot explicitly account for uniform constant flow effects on the radiated noise. Secondly, the emission surface construction is computationally costly when the method is applied to supersonic moving sources [12] .
With these shortcomings of the moving observer method in mind, Wells & Han [12] introduced a moving-medium approach to derive a convected time-domain formulation for supersonic moving data surfaces. Najafi-Yazdi et al. [13] used the same methodology to develop a formulation for sources in subsonic motion. Both said formulations are capable of explicitly accounting for the effect of uniform constant flow on radiated noise, without considering the angle of attack directly. Wells & Han [12] applied the moving-medium approach to a supersonic propeller and concluded that the computations required one-sixth of the computational time consumed by the movingobserver method. Computational efficiency is an important attribute of the moving-medium approach for supersonic aeroacoustic computations, which are inherently costly.
The purpose of the present paper is to derive an extensive convected time-domain formulation for supersonic rotating sources in an inflow of arbitrary orientation. It will be a generalized version of Wells & Han's [12] technique, showing explicitly the effect of incidence on radiated noise. Moreover, the thin blade assumption made in [12] , which implies that the absolute value of the gradient of the emission surface is approximately unitary (i.e. Λ ≈ 1), is discarded. Hence a data surface of arbitrary shape can be chosen. Derivation of the formulation presented here will follow the approach used by Ghorbaniasl & Lacor [14] in order to develop a moving-medium formulation for subsonic moving sources in a uniform constant flow with arbitrary configuration. The derived formulation will adopt a permeable data surface [15, 16] , which allows inclusion of quadrupole source contribution to the radiated noise. Such an approach simplifies the volume integration into a surface integration, significantly improving computational speed. The emission surface construction is based on a supersonic rotating cylindrical data surface.
The structure of the paper is as follows. Section 2 is devoted to the derivation of the proposed formulation. In §3, the derived formulation is numerically implemented through the Isom thickness noise case for a supersonic rotating blade at incidence. Subsequently, HSI noise from helicopter rotors is simulated and predicted to provide application of the derived formulation when supersonic rotating quadrupole sources are considered. The conclusions of this paper are outlined in the final section.
Acoustic formulation
The convected permeable FW-H equation in a moving medium [14] is given by 
where u n = u ini , v n = v ini and U ∞n = U ∞ini . The terms u i and v i are the velocity components of the local flow and the data surface, respectively; c 0 is the speed of sound andn i = ∂f /∂x i denotes the local unit outward normal. The variables p and ρ are the local fluid pressure and density, whereas p 0 and ρ 0 denote the free stream fluid pressure and density, respectively. The symbol P ij represents the compressive stress tensor. Furthermore, in the definition of the Lighthill stress tensor T ij , σ ij is the viscous stress tensor and δ ij is the Kronecker delta. For a moving-medium problem, the flow quantities can be defined either in a moving or stationary coordinate. To explicitly take into account the effect of inflow, all the flow quantities are given in coordinates fixed to a medium at rest [14] . Here, the quadrupole term is neglected, because its effect may be accounted for by choosing a permeable data surface location enclosing all nonlinear (quadrupole) noise sources. Hence, volume source terms are included in the surface source terms, thus obviating the need for volume integration. Equation (2.1) is solved by using a Green's function for a moving medium as discussed in [14] , which is an extension to the arbitrary inflow direction approach first proposed by Blokhintsev for one-dimensional inflow [17] :
3)
where from [14] 
In the above, γ 2 = 1/(1 − |M ∞ | 2 ), M ∞i = U ∞i /c 0 and r = |x − y| is the distance between the source position y and the observer position x. In addition, M ∞r = M ∞iri , withr i = r i /r. The phase radius R shows the time delay between emission and reception, whereas the amplitude radius R* represents the amplitude decay of the acoustical signal. Neither of these distances represents the physical separation between the source and the observer, except in the extremity of M ∞ → 0 [12] . Substituting the Green function of equation (2.3) into equation (2.1) gives 6) where
The solutions of equations (2.5) and (2.6) may be obtained by noting that the subspace for which f = g = 0, keeping x and t fixed, is the surface [8] 
This surface, designated as , is the locus of all the points on the surface f (y, τ ) = 0 whose signals arrive simultaneously at the observer x at time t. As the subspace defined by f = 0 and g = 0 is the 
, equations (2.5) and (2.6) can be written as
Next, we use the transformation τ → g and integrate with respect to g in equations (2.8) and (2.9), finally obtaining the following:
(a) Thickness-type noise
To improve the numerical efficiency of equation (2.10), some manipulation of the spatial derivative will be necessary. By definingQ(y, τ ) = [Q(y, τ )] ret , one can get
Based on the following relation,
and taking the spatial derivative inside the second term on the RHS of equation (2.12), we obtain
Expansion of the first term of equation (2.13) gives
(2.14)
By comparison with the first term on the RHS of equation (2.12), Equation (2.14) may be simplified to 
The quantity F = [f (y, τ )] ret = 0 represents the emission surface. The term d is the integral panel area on the emission surface. Even if |Vf | = 1 by definition, we have|VF| = 1. The symbol Λ is the absolute value of the differentiation of F. (b) Loading-type noise
, one can take the spatial derivative inside the integral of equation (2.11) . Rearranging the terms yields
By a transformation similar to that following the derivation of equation (2.15) , the formulation of loading-type noise can be obtained: by the singular value Λ = 0. Its occurrence, however, can be practically avoided, because the condition Λ = 0 occurs only when M n , |R| andn ·R have simultaneously an absolute value equal to 1, as well as the same sign. Evidently, the possibility for all the said conditions to be satisfied is extremely small. Ianniello [18] concluded that, in practical numerical simulations, the absolute value of Λ is never actually close to zero, because the mathematical condition Λ = 0 exists for only one source point at one well-defined azimuthal angle at each time step. For the methodology used for implementing the proposed formulations the reader is referred to Ianniello [18] , thus avoiding the condition for the singularity of Λ = 0.
Consequently, the suggested formulations are valid for supersonic rotating sources in a subsonic uniform constant flow with arbitrary orientation. Meanwhile, they preserve the advantage of explicitly and efficiently taking into account the effect of inflow and incidence on radiated noise.
Numerical implementation
The implementation of the derived formulations is achieved through two test cases, namely the Isom thickness case [19] and HSI noise generated from helicopter rotors in hover and forward flight [4] . Key to the implementation of the derived formula is the emission surface construction procedure. In this paper, the K-algorithm, proposed by Ianniello [7] , is used to construct the emission surface. Although it was originally proposed for stationary-medium problems, the methodology is similar for moving-medium problems, except for some minor differences. The specific details relevant to the implementation will be clarified in the following section.
(a) TC1: Isom thickness noise
The Isom thickness noise was first described by Isom [19] , by considering thickness noise for a hovering helicopter rotor. Isom suggested that the acoustic pressure of dipole sources and monopole sources generated by a hovering helicopter rotor in the far-field is identical when a constant aerodynamic loading of p = ρc 2 0 is uniformly distributed over the entire rotor blade. Farassat demonstrated that the Isom thickness noise is applicable to any closed body in arbitrary motion [20] and accurate either in the far-or the near-field [21] . Ghorbaniasl & Hirsch showed the Isom thickness noise property for subsonic rotating blades in a medium at rest [22] .
Evaluation of the thickness noise property for a subsonic rotating blade in the presence of a uniform constant flow with an arbitrary orientation was performed by Ghorbaniasl & Lacor [14] . Here, this consistency will be evaluated for a supersonic rotating blade in a uniform constant flow and at an angle of incidence (figure 1). The blade has a constant chord of 0.4 m and a thickness ratio of 10%, which vanishes at the inner and outer radii of the blade. The diameter of the rotating blade is 10 m. The blade rotates around the z-axis, on the x − y plane of a Cartesian coordinate system, with a rotational period of 0.077 s, corresponding to a supersonic blade-tip Mach number of 1.2.
The blade surface is discretized into 75 cells around the blade aerofoil and 100 cells along the span-wise direction. Considering the importance of noise sources located near the blade tip, a non-uniform mesh distribution is used on both sides to refine the grids. Time sampling is realized by 1024 time steps, with approximately 120 located within the multi-emissive time region. Two observers are positioned at r ob = 15 m, θ = 90°, and ϕ = 0°and 180°in a spherical coordinate system (r, θ, ϕ).
For the application of the proposed numerical approach, emission surface construction is critical. The K-algorithm [7] is implemented to construct the emission surface for the supersonic rotating blade at each time step. The methodology of the K-algorithm consists of modifying the original mesh (i.e. the mesh on the physical surface or the CFD mesh for the permeable data surface) by continuously inserting new grid points to achieve a smooth and integrable emission surface. This process is key to the implementation of emission surface construction. The modification of the original mesh consists of two steps. Firstly, the emission times for all the grid points on the original mesh are solved in advance. According to the number of multiple emissive time regimes (see figures 2 and 3), the mesh is divided into different patches. A given number of new stations are then added into two adjacent patches to minimize the gap, thus improving the resolution of the constructed emission surface and avoiding the omission of noise source data. During the second step, the modification is conducted by redistributing grid points on each patch to ensure identicality of the number of grid points with single and multiple emissive times.
Implementation details on emission surface construction for a supersonic rotating blade in a stationary medium have already been provided by Ianniello [7] . However, due to the presence of uniform constant flow, the emission surface construction displays some specific characteristics. Figure 2 shows the presence of two mixed patches, in contrast to the presence of one mixed patch for a corresponding stationary medium. Following Ianniello's notation [7] , these two mixed regions are referred to as mixed1 and mixed2, respectively. In figure 3 , the left column represents one aerofoil station extracted from the physical blade, while its corresponding emissive configuration is depicted in the right column. On the left, the red circles represent grid points with multiple emissive times, whereas the black circles correspond to grid points with a single emissive time. a phenomenon is a prominent characteristic for supersonic rotating sources. For each black circle, there is only one retarded position appearing on the right. Figure 3 provides an explanation of the occurrence of the mixed1 patch. In the presence of a moving medium, it can be observed that the multiple regions located on the upper and lower side of the aerofoil are not symmetrical, despite geometrical symmetry of the aerofoil. At a critical condition, the multiple regions in graphs (c) and (d) may shift from the leading or trailing edge to either side of the aerofoil, thus changing the mixed2 patch to the mixed1 patch. For the mixed1 patch, the emissive positions form a connected configuration resembling more the partial patch in graph (b) rather than the mixed2 patches in graphs (c) and (d).
After the emission surface construction is performed, the derived formulation is used to compute the Isom thickness noise for a supersonic rotating blade in a uniform constant flow (i.e. M ∞ = (0.1, 0, 0.1)). Figure 4 depicts the acoustic pressure of monopole and dipole sources, which duplicate each other well. The influence of the inflow on radiated noise is observed in the changes of amplitude and shape of the acoustic pressure, for two observers placed along the xaxis in-plane. The consistency between the predicted monopole and Isom thickness noise (dipole) achieves the implementation of the derived formulation for supersonic sources in an inflow at incidence.
(b) TC2: HSI noise for helicopter rotors
The developed methodology is further applied to a 1/7th-scale model of the UH-1H main rotor [23] . The aim is to evaluate the accuracy of the proposed formulation for noise prediction of supersonic quadruple sources and the capability of the K-algorithm to construct the emission surface for a supersonic rotating cylindrical data surface. The UH-1H main rotor is a typical two-blade helicopter rotor, which consists of straight untwisted blades of NACA 0012 aerofoil sections. The blade aspect ratio is AR = 13.71 with a blade span of R t = 1.045 m and a constant chord of c = 0.0762 m. A schematic of the configuration is shown in figure 5 .
(i) Noise sources identification for a helicopter rotor in hover
Aerodynamic flow simulation is first realized in order to identify the noise sources. A 3D inviscid Euler solver is chosen, because viscous effects have a negligible impact on HSI noise generation. The solver is based on a cell-centred finite volume method and calculates the convected fluxes by the Roe flux difference splitting (FDS) scheme. A third-order MUSCL scheme is adopted for spatial discretization, which can improve spatial accuracy by reducing numerical diffusion, particularly for complex flow. For hovering helicopter rotors, flow field symmetry is observed between the top and bottom regions of the rotation plane when nonlifting conditions are assumed. Considering periodic flow around the rotors further simplifies aerodynamic simulations to just one-quarter of the flow region. By applying a moving reference frame technique, i.e. a fixed-blade coordinate system, a steady CFD simulation is sufficient to accurately compute the noise sources for the permeable data surface.
As hovering helicopter rotors are characterized by a typical transonic flow field, a highresolution mesh is required to accurately capture shock location and strength. As demonstrated by Isom et al. [24, 25] , the shock will delocalize off the blade tip and propagate along a specific slope outside the sonic cylinder, i.e. linear acoustic characteristics. The mesh should thus be clustered, particularly along the span-wise direction, to follow the trajectory of shock propagation. As the mesh topology and grid independence for the UH-1H rotors have been extensively studied in the literature [26] [27] [28] [29] , mesh distribution similar to that chosen in [29] is used, without further grid study. Specifically, the current computational domain extends 1.5 R t from the rotor tip and leaves 2.5 R t above the rotation plane. A series of 175 C-meshes are distributed in the span-wise direction, with 60 nodes located on the blade surface. Each C-mesh has a constant radial line from rotor to hub and consists of 185 nodes, with 96 nodes on the top surface of each aerofoil direction. A total of 62 nodes are unevenly distributed in the normal direction to the rotation plane. Off the sonic cylinder, the mesh exactly traces the linear acoustic characteristics direction by algebraic clustering. Figure 6 depicts the mesh in-plane around one blade.
Hovering helicopter rotors are simulated at M t = 0.92, where prominent shock delocalization phenomena are observed off the blade tip, thus being a challenging test for the proposed formulation and the emissive surface construction algorithm. Figure 7 depicts aerodynamic pressure comparison between the reference data [28] and the calculated results, on the blade at three different sections (r = 0.89 R t , r = 0.95 R t and r = 0.99 R t ) and on the sonic cylinder (r = R t /M t ). One may observe the presence of strong shocks on the blade at all four sections. At all locations computational data are in good agreement with the reference data provided in [28] , thus proving the accuracy of the aerodynamic simulation. The flow simulation requires approximately 6 h on 16 processors to achieve acceptable residual convergence.
(ii) Acoustic propagation for a helicopter rotor in hover After the accuracy of the flow input has been verified, HSI noise prediction can be realized, as long as the emission surface is accurately constructed. Although the K-algorithm has been applied to construct the emission surface for a supersonic cylindrical data surface in [18] , implementation details have not been elaborately addressed. This will be discussed in this section. Acoustic pressure prediction will then be realized based on the suggested formulations and the results will be validated against the experimental reference [23] . For helicopter rotor noise prediction, both rotating and non-rotating permeable data surfaces are applicable. Each method has its own advantages and drawbacks in terms of noise source identification and noise propagation prediction. In general, the bottleneck of the non-rotating method lies in the noise source identification (CFD simulation) [30, 31] , while for the rotating method the noise propagation prediction is more complicated.
For a hovering helicopter rotor, noise source identification can be simplified when a rotating data surface is chosen, fixed to the rotating blades. A steady flow simulation using a moving reference frame may provide the noise source data in this case. On the other hand, selecting a stationary permeable data surface surrounding the blades would require an unsteady flow simulation around the rotor at each azimuthal angle. Unsteady flow data must then be interpolated to the stationary data surface at each time step. The simulation of unsteady noise source data is computationally expensive, whereas the interpolation process should ensure low numerical dissipation [9] . As for the noise propagation part, the non-rotating permeable data surface is easy to implement, whereas the choice of a rotating data surface dictates emission surface construction at each time step. In this work, a rotating data surface is applied for helicopter rotor noise prediction, which allows noise source identification from the CFD simulation to be significantly simplified.
For the supersonic cylindrical data surface, all points are rotating at a supersonic speed. Only two different patches, single and partial, exist. Figure 8 shows a comparative graph of the original emission surface and the vertical modified surface at time step 480, sampled by 1024 time steps per rotational period. The vertical modification is performed in the same manner as the span-wise modification of the supersonic rotating blade, in order to minimize loss of accuracy. The azimuthal modification should be also necessarily conducted. Along the azimuthal direction, both single and multiple regions of the partial patch are redistributed, to ensure equal distribution. The jump region between single and multiple roots requires insertion of a prescribed number of points to achieve a smooth emission surface, as shown in figure 9 . A top view of the emission surface at the In contrast with the Isom thickness test case, HSI noise prediction required interpolation of the flow variables at the same time with the construction of the emission surface. Figure 11 provides a comparison of the original aerodynamic pressure and the interpolated pressure at time step 480 along the azimuthal direction in-plane. The aerodynamic pressure duplicates due to the appearance of multiple roots. The density and velocity components also display a similar trend.
Figures 12 and 13 display the contours of thickness-and loading-type source amplitudes for the chosen subsonic (rotational Mach number 0.95 with a radius of r sub = 1.033 R t ) and supersonic (rotational Mach number 1.1 with a radius of r sup = 1.195 R t ) cylindrical data surfaces, respectively. The phenomena of shock delocalization off the blade tip can be apparently observed from the peaks of amplitudes, which highlight the importance of including the quadrupole sources for accurately predicting HSI noise. Additionally, the amplitude values tend to decrease from subsonic to supersonic data surfaces; however, there are still non-negligible noise sources on the supersonic data surface, thus proving the necessity of accounting for supersonic rotating noise sources. A comparative view of the predicted acoustic pressure is plotted in figure 14 against the experimental data [23] . Both subsonic and supersonic cylindrical data surfaces have been constructed and implemented based on the proposed formulation. For the subsonic cylindrical data surface, underestimation of the negative peak pressure is observed, depicting a quasisymmetric waveform shape. The supersonic cylindrical data surface captures the negative peak pressure and the asymmetric waveform shape well, displaying a slight over-prediction of the positive peak. It shows that the nonlinear noise sources outside the sonic cylinder play an important role for the rotors with strong shock delocalization. Therefore, the data surface should be placed far from the rotation axis in order to enclose all nonlinear terms. This may result in a supersonic rotating data surface. Although only supersonic rotating data surfaces are used here, the developed formulation is generally capable of predicting noise generated from supersonic moving bodies in uniform constant flow of arbitrary configuration.
It should be noted that some oscillations are present in the predicted acoustic pressure in figure 14b , the occurrence of which can be mainly attributed to the smoothness of the emission surface. For the derived formulation, a time derivative will be taken after integration, which may amplify the effect of the emission surface. The number of inserted grid points greatly determines the smoothness of the emission surface (figure 9), thus requiring extensive grid study. Additionally, the resolution of time sampling may also give rise to oscillations. By improving the resolution of the emission surface and increasing the number of time samples, a smoother waveform may be achieved, significantly affecting however the computational efficiency. For the current configuration, approximately 10 min of computation time are required for each time step on a single processor.
(iii) Acoustic propagation for a helicopter rotor in forward flight
In this section, a helicopter rotor in forward flight is considered in order to show the ability of the proposed formulation to explicitly include the effect of inflow on radiated HSI noise. Figure 15 depicts the schematic of the configuration along with the inflow and three observer locations. The observers are chosen to be located in the region close to the advancing blade of the rotor with high total tip Mach number, which generally radiates the strongest HSI noise [9, 10] .
The purpose of choosing such a case is to show the capability of the derived formulation to handle the supersonic rotating sources and explicitly demonstrate the effect of inflow on the radiated noise. A realistic flow simulation for forward flight helicopter rotors at each azimuthal angle is complex and time-consuming. For the sake of efficiency, a compromise is made here by directly adding the effect of inflow to the hovering helicopter rotors based on an assumption that a very low advance ratio µ (corresponding to inflow Mach numbers equal to 10 −4 , 10 −2 , 2 × 10 −2 , 3 × 10 −2 and 7 × 10 −2 in the y-direction) produces a negligible alteration to the flow field. In a realistic case of a helicopter rotor in forward flight, the advance ratio is usually above 0.25 [9, 23] . The selected Mach numbers correspond to maximum advancing Mach numbers ranging from 0.9501 to 1.02 when a cylindrical data surface with a rotational Mach number of 0.95 is chosen. Hence, the effect of inflow on the radiated HSI noise can be shown for both subsonic and supersonic advancing Mach numbers. For noise prediction purposes, 40 observers uniformly distributed in-plane are defined, whereas three key observers are used for supersonic advancing Mach numbers due to computational costs. The effect of inflow on the radiated noise can be observed by noise directivity polarization phenomena. Generally, the radiated noise tends to increase when the advancing blade approaches the observers, whereas noise will decrease when the blade is moving away. Additionally, as the inflow Mach number grows, the influence becomes more prominent, whereas the advancing Mach number of the cylindrical data surface eventually tends to be supersonic. Figure 17 compare the acoustic pressure time history between hover and forward flight at subsonic and supersonic advancing Mach numbers, respectively, for three different observers. Absolute values of negative peak pressures display a significant increase in both graphs due to the existence of inflow. However, the absolute value of pulse increments is significantly larger for supersonic advancing Mach numbers, despite the inflow Mach number experiencing a slight increase. Evidently, the advancing speed has a significant effect on radiated HSI noise and has to be accounted for. It should be noted that some oscillations can be observed in the acoustic pressure time history. These oscillations can be attributed to emission surface smoothness and noise source resolution.
Accurate prediction of HSI noise for hovering helicopter rotors proves the ability of the proposed formulation for noise computation from rotating sources. The capability of explicitly accounting for the influence of inflow on the radiated noise is displayed by the forward flight helicopter rotor case. Finally, the potential of the K-algorithm to construct the emission surface for a supersonic cylindrical data surface is verified.
Conclusion
An extended convected time-domain formulation for supersonic rotating sources at inflow of arbitrary orientation has been derived. The formula has been developed in the moving-medium frame and is free of the Doppler singularity. It is thus capable of explicitly accounting for the effect of uniform constant flow on radiated noise, while being computationally efficient for supersonic problems. The derived formulation is a generalized version of Wells and Han's formula, which includes the effect of the angle of attack on the noise generated from a complex geometry.
Implementation of the suggested method was achieved by the Isom thickness noise consistency test case and HSI noise prediction from helicopter rotors. Emission surface construction was realized by the K-algorithm, which was extended to moving-medium problems. The good agreement of the calculated monopole and Isom thickness noise proved the accuracy of the suggested method for supersonic rotating sources in an inflow at incidence. The appearance of a new patch type along the span-wise direction of the supersonic rotating blade was observed. Both subsonic and supersonic permeable data surfaces were applied to HSI noise prediction of hovering helicopter rotors. Supersonic data surfaces were shown to provide overall better accuracy, thus highlighting the importance of supersonic quadrupole acoustic sources. A forwardflight helicopter rotor with a very low advance ratio was finally simulated to display the capability of the derived formula to process inflow effects on noise radiation.
The derived formulation enables inclusion of quadrupole noise sources outside the sonic cylinder at an inflow, thus being applicable to cases where a supersonic rotating data surface is necessary. The use of a moving-medium approach can lead to significant computational savings, when realistic problems are concerned. The suggested formula is restricted to subsonic inflow Mach numbers. The future intention of the authors is to extend the methodology to supersonic inflow Mach numbers.
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